This study was conducted to evaluate the effects of cold batter mincing on meat quality and protein functionality, using turkey fillets that were chill-boned (CB) or hot-boned (HB) with crustfreeze-air-chilling (HB-1 4 CFAC) at −12
CFAC were higher and lower, respectively, than those in CB fillets. During cold-batter mixing, the initial batter temperatures at −1.5 to −2.1
• C reached 1.5
• C and 14
• C at 6 and 12 min, respectively, and ended at 26 to 31
• C at 24 min. During traditional mincing, the initial batter temperatures at 3 to 4
• C increased by ∼10 • C every 6 min, and ended at 32 to 35
• C with higher batter temperatures seen for the 2% salt than the 1% salt batter. Dynamic rheological properties indicated that the cold-batter mincing showed elevated G' compared to the batters of traditional mincing, regardless of mixing time, indicating that the gel-setting temperature was reduced in the cold-batter mincing, potentially due to the different amounts of extracted protein and structural change. After cooking, improved cooking yield and protein functionality were observed in the batter of HB-1 4 CFAC fillets than the batter of CB fillets as well as in the batter of 2% salt than the batter 1% salt (P < 0.05). These results indicated that HB-1 4 CFAC fillets produced superior raw meat quality over the CB fillets, and cold batter mincing of HB-1 4 CFAC fillets significantly improved protein functionality compared with the traditional mincing of CB fillets (P < 0.05).
INTRODUCTION
Hot-boning (HB) is an alternative processing technology to chill-boning (CB) with the potential for rapid product turnover, energy saving, yield improvement, and space reduction (Lyon and Hamm, 1986; McPhail, 1995; FSA, 2001; Troy, 2006) . Hot-boned meats were reported to be superior to CB meats in raw and cooked products (Claus and Sorheim, 2006; Sørheim et al., 2006) . However, implementation of the technology has a challenge for the industry due to the rapid processing that is required to maintain HB (or C 2019 Poultry Science Association Inc. Received April 4, 2018. Accepted January 14, 2019. 1 Corresponding author: kangi@msu.edu pre-rigor) quality and prevent bacterial growth (Pisula and Tyburcy, 1996; Troy, 2006) .
In the red meat industry, tenderness of HB beef muscles has been increased by physically stretching individual muscles, thereby preventing muscle contraction during rigor development in chilling (Sørheim et al., 2001) . The technologies of Smartstretch TM and Smartshape TM have been developed to increase tenderness of HB meat cuts by preventing any expansion in the diameter of the hot meats through packaging in an airtight chamber with a flexible sleeve (Wahlgren and Hildrum, 2001; Pitt and Daly, 2010) .
In the case of sausage processing, HB muscles have immediately been chopped with dry ice (CO 2 ) to rapidly reduce the meat temperature. However, the use of CO 2 in chopping raises several possible concerns in-2299 cluding pH reduction, which lowers protein functionality, CO 2 evaporation which requires workplace CO 2 monitoring for employee safety, and uneven distribution of dry ice pieces, resulting in non-homogeneous temperatures throughout the batter.
In a recent study, turkey breasts were HB, quartersectioned, and crust-freeze-air-chilled (HB-
• C/1.0 m/s until the internal temperatures reached 4
• C or less. When the resulting fillets were chopped using cold-batter mincing (including 20% ice) or traditional mincing (4% ice and 16% water) formulation, the best gel-forming ability was observed in the HB-1 4 CFAC fillet gels from cold-batter mincing, followed by HB fillet gels from traditional mincing, and CB fillet gels from traditional mincing . In addition, there was no significant difference in stress values between HB-1 4 CFAC fillet gels in cold-batter mincing with 1% salt and CB fillet gels in traditional mincing with 2% salt, due to the improved protein functionality after cold-batter mincing of HB fillets (Lee et al., 2014a) . Lee et al. (2016) evaluated the chilling time of turkey breasts in HB-1 4 CFAC and protein functionality in coldbatter mincing, using turkey fillets from two genetic lines of commercial (COMM) and random-bred control 2 (RBC2), representing the a slow-growing line of turkeys in 1960s. Compared to whole carcass chilling in water immersion chilling (WIC), chilling of HB-1 4 CFAC fillets from COMM and RBC carcasses saved chilling time by 72 and 67%, respectively, whereas cooking of the cold-minced batters generated higher cooking yield and better protein functionality than the traditionally minced batters.
In the previous studies, however, the cold-batter mincing technique was used only with HB-1 4 CFAC fillets. The purpose of the present study was to evaluate the effect of boning methods (HB vs. CB) and mincing technologies (traditional vs. cold-batter mincing) on raw meat quality and protein-gel property, respectively.
MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and Use Committee of Michigan State University (MSU; AUF # 03/14-052-00).
Turkey Husbandry, Slaughter, and Carcass Chilling
A total of 240 COMM poults (one-day-old Nicholas strain) were obtained locally; 120 poults were placed at the beginning of the first month, and additional 120 birds were placed 30 d later. To mimic a current COMM production system, the poults were raised to market age of 16 to 18 wk (average live weight = 17.7 ± 0.87) at the MSU Poultry Farm. Turkeys were fed a COMM starter diet (Blue Seal R Multi Flock Game Starter, Kent Nutrition Group, Muscatine, IA, USA) from 1 to 8 wk and a COMM grower diet (Blue Seal R Multi Flock Starter/Grower, Kent Nutrition Group, Muscatine, IA, USA) from 8 to 18 wk.
For each of four replications, 48 tom turkeys were transported from the MSU Poultry Farm to the MSU Meat Laboratory after a 12-h feed withdrawal on four different days. Upon arrival, turkeys were electrically stunned for 6 s (80 mA, 60 Hz, 110 V) and bled for 90 s by severing both the carotid artery and the jugular vein on one side of the neck. Following bleeding, birds were subjected to scalding at 59
• C for 120 s, de-feathering for 25 s in a rotary drum picker (SP38SS automatic pickers, Brower Equipment, Houghton, IA), and manual evisceration. Immediately after evisceration and washing, turkeys were randomly subjected to one of three chilling treatments: (1) water immersion chilling of carcasses in ice slurry at 0.5
• C; (2) HB, quarter-sectioning ( 
pH and R-value
Breast samples were obtained for pH and R-value at the cranial end of the left fillets before and after chilling for 1.75 and 5.3 h post mortem for WIC and CFAC, respectively. Breast pH was measured with a pH electrode (model 13-620-631, Fisher Scientific Inc., Houston, TX) attached to a pH meter (Accumet AR15, Fisher Scientific Inc., Pittsburgh, PA) after homogenizing 2.5 g of raw meat in 25 mL of distilled, deionized water (Sams and Janky, 1986) . The R-value (ratio of inosine: adenosine) was measured as an indicator of adenosine triphosphate depletion in the muscle using the method of Thompson et al. (1987) .
Protein Gel Preparation From the Turkey Breast
A protein gel was prepared with breast fillets using the method of Lee et al. (2014a) . Briefly, the fillets from HB-1 4 CFAC and CB-1 4 CFAC were separately subjected to cold-batter mincing using 20% ice with 1 or 2% salt in a bowl chopper (model K64-Va, Maschinenfabrik Seydelmann KG, Aalen, Germany) at a blade speed of 4,000 rpm. Similarly, the fillets from HB-1 4 CFAC and WIC carcasses were separately subjected to traditional mincing, using ice slurry (16% water/4% ice) with 1 or 2% salt in the same bowl chopper. The resulting batters were stuffed into pre-weighed stainless steel cylindrical tubes, reweighed, and placed into a water bath (model 25, Precision Scientific Co., Chicago, IL) at 80
• C for 20 min. After cooking, the tubes were immediately chilled, sealed in plastic bags, and stored overnight in a refrigerated room (3 ± 1
• C). CFAC: Hot-boned, quarter-sectioned, and crust-freeze-air-chilled fillets in air-freeze room at −12
• C and 1 m/s air moving. CB 1 4 CFAC: Chill-boned (after WIC) and quarter-sectioned, and crust-freeze-air-chilled fillets in airfreeze room at −12
• C and 1 m/s air moving. CB: Chill-boned fillets after WIC at 0.5
• C. 
Torsion Test
A torsion test was used to measure true stress and true strain values of the cooked gels. Gel samples (3.0 cm long) were cut perpendicularly and milled into a dumbbell shape (10 mm in diameter at the midsection) using a shaping machine (KCI-24A2, Bodine Electric Co., Raleigh, NC) (Lee et al., 2014a) . Each sample was then placed on the sample holding apparatus in a viscometer (DV-III Ultra, Brookfield Engineering Laboratories Inc., Middleboro, MA) and twisted at 2.5 rpm. At the breaking point, both true shear stress and true shear strain values of 10 samples per treatment were calculated with the recorded torque and elapsed time, using the equation of Hamann (1983) .
Dynamic Rheological Testing
Rheological properties of control and treated meat batters were evaluated with 2 replications, using a ARES rheometer with 25 mm diameter parallel plate (New Castle, DE), according to the method of Xiong and Blanchard (1993) . Meat batters were taken at 6, 12, and 24 min during mincing of cold-batter and traditional batter. The batter was placed between 2 parallel plates at 1 mm apart and heated from 20 to 80
• C at a rate of 1
• C/min after covering the exposed batter with silicon oil to prevent dehydration during heating. The batter sample was continuously sheared in an oscillatory motion at a fixed frequency of 0.1 Hz with a maximum strain of 0.02. During the oscillation and gelling process with temperature increasing, any storage change modulus (G') due to rigidity of the batter was recorded.
Statistical Analysis
All experiments were replicated four times. Data were evaluated by one-way ANOVA, using PASW 18 statistic program and a completely randomized design. A posthoc analysis was performed using Duncan's multiple range test to evaluate difference among treatments at P < 0.05 (SPSS, 2011).
RESULTS AND DISCUSSION
The temperature of eviscerated carcasses was ∼ 41 • C and reduced to 5.1
• C after 5 h in WIC at 0.5 • C. When the fillets (Pectoralis major) of eviscerated carcasses were HB, quarter-sectioned, and HB-1 4 CFAC, the internal and external (2 mm depth) temperatures were reduced to −1.0 and −2.6
• C, respectively, after 1.25 h chilling (Table 1) . These results were similarly observed from previous studies Lee et al., 2014a) . When the fillets (Pectoralis major) of WIC carcasses were CB, quarter-sectioned and subjected to CB-1 4 CFAC, the internal and surface temperature of fillets was 1.7 and −1.6
• C, respectively, after 0.5 h chilling.
For the measurements of pH and R-value, two pieces (approximately 2 x 7 x 1.5 cm) of breast samples were obtained at the cranial end of left fillets before and after WIC of carcasses as well as before and after HB-1 4 CFAC of fillets. Before chilling, no significant differences were found in pH and R-value between the HB fillets for CFAC and the carcasses fillets for WIC. After chilling, significant differences were found in the values, showing that higher pH and lower R-value were observed in HB-1 4 CFAC fillets than CB fillets (Table 2) . These results indicate that the HB- (1%) ; Chill-boned, quarter sectioned, and crust-freeze-air-chilled fillets that were minced with 1% salt. CB 1 4 CFAC(2%); Chill-boned, quarter sectioned, and crust-freeze-air-chilled fillets that were minced with 2% salt. HB 1 4 CFAC(1%); Hot-boned, quarter sectioned, and crust-freeze-air-chilled fillets that were minced with 1% salt. HB 1 4 CFAC (2%); Hot-boned quarter sectioned, and crust-freeze-air-chilled fillets that were minced with 2% salt. CB (1%): Chill-boned fillets that were minced with 1% salt. CB (2%): Chill-boned fillets that were minced with 2% salt.
certain level of HB meat quality (open status with less crosslinking of actomyosin for a better extraction of muscle protein) although it may not be as same as the fillets HB freshly. These results were in accordance with the previous reports (Lee et al., 2014a (Lee et al., , 2016 .
To produce meat batters, the fillets from HB-1 4 CFAC or CB-1 4 CFAC were cold-batter minced using 20% ice to the total batch (23 kg), whereas the fillets from HB-1 4 CFAC or CB were traditionally minced using 20% ice slurry (4% ice/16% water) in the same batch size.
In the cold-batter mincing, the batter temperatures (−2.1 to −1.5
• C) of HB-1 4 CFAC fillets at 1.5 min were significantly lower than those (1.0 to 2.2
• C) of CB-1 4 CFAC fillets, regardless of salt content (P < 0.05). The temperature differences between batters (lower in HB-1 4 CFAC batters that in CB-1 4 CFAC batters) were no longer significant at 6 min ( Figure 1A ). After 6 min mincing, the temperatures rapidly increased and reached 12.5 to 16.9
• C at 12 min and 26.4 to 31.0 • C at 24 min, with 2 to 4
• C higher found for 2% salt batters than 1% salt batters, regardless of HB or CB fillets. Lee et al (2014a) reported similar batter temperatures that remained near subzero temperatures up to 6 min mincing, which rapidly increased, thereafter, with 2 to 5
• C higher in 2% salt than in 1% salt batters. The higher temperatures in 2% salt batter are believed to be due to greater protein extraction with higher salt concentration (Munasinghe and Sakai, 2004) and thus, more mechanical friction generated in the tacky batter during mixing.
In traditional batter mincing, the batter temperatures (−1.1 to -1.8
• C) of HB-1 4 CFAC fillets at 1.5 min were significantly lower than those (3.3 to 3.9
• C) of CB fillet batters (P < 0.05). During mixing, the batter temperature rapidly increased and reached 5.1 to 8.4
• C at 6 min and 16.2 to 19.2 • C at 12 min in the HB-1 4 CFAC fillet batters, which were significantly lower than the temperatures (22.1 to 27.8
• C) of CB fillet batters, except the 2% HB-1 4 CFAC batter (P < 0.05) (Figure 1B) . At the end of 24 min mixing, the temperatures of HB-1 4 CFAC batters reached over 30
• C, resulting in no significant difference from the CB fillet batters (33 to 35
• C), regardless of boning type and salt content. During mincing, the temperature of 2% salt batter from CB fillets was significantly higher than that of 1% salt batter from CB fillets at 6 and 12 min (P < 0.05) ( Figure 1B ) due to the similar reasons as before ( Figure 1A) .
Analysis of rheological properties of the meat batters indicated a higher storage modules (G') of coldminced batters than traditionally minced batters during the gel-setting temperatures from 37 to 70
• C (Figure 2 ). The value of higher G' represents a greater viscosity of the gel, potentially due to more protein extraction and more sticky batter from pre-rigor muscle than from post-rigor muscle (Saffle and Galbreath, 1964; Johnson and Henrickson, 1970; Bernthal et al., 1989; Claus and Sorheim, 2006) . Claus and Sørheim (2006) reported that pre-rigor patties were higher in cohesiveness, springiness, and chewiness than post-rigor patties. The higher G' values during cooking up to 70
• C indicates that more energy was observed potentially due to more protein-protein interaction and formation of stronger gel structure. In a similar way, the reduction of gel-setting temperature indicates that the cold-minced batter is more susceptible to thermal unfolding (or denaturation) at the early stage of cooking than traditionally minced batter, which is a prerequisite step for protein gelation (Acton et al., 1983) .
During cooking, transition temperatures of muscle proteins have been detected as the moment for protein conformational changes due to thermal energy absorption. Lowered gelling temperatures with elevated G' were reported when myofibrillar protein was treated with transglutaminase, indicating that protein-protein interaction was initiated at the early stage of cooking through the activity of transglutaminase (Shang and Xiong, 2010) . Using thermogram profiles of porcine myofibrillar protein, Lee and Chin (2013) noticed that the maximal peak temperature of myosin heavy chain was CFAC batter hotboned, quarter sectioned, and crust-freeze-air-chilled fillets that were cold batter minced with 2% salt. bCB batter, chill-boned fillets that were traditionally minced with 2% salt. Meat batter was taken after mincing for 6, 12, or 24 min shifted from 60
• C at 0.1 M salt gel to 58
• C at 0.3 M salt. Lee et al. (2014b) also reported that endothermic peak temperatures of porcine myofibrillar gel at 0.3 M salt at 60
• C was reduced more than the same protein gel at 0.1 M salt at 60
• C while the total enthalpy was increased, indicating that more energy was absorbed due to more protein-protein aggregation and firmer gel structure.
Upon subjecting HB-1 4 CFAC fillets to cold-batter mincing, higher cooking yields were observed from this treatment than from traditionally minced CB fillet batters (Lee et al., 2014a) . Using scanning electron microscopy, there were clear differences between coldbatter mincing and traditional-batter mincing for the structures of meat batters and cooked gels. Lee et al. (2014a) reported that the visual appearances of structural integrity, fat droplet entrapment, and matrix complex were more clear in 2% salt HB-1 4 CFAC batter than those in 2% salt CB batter. In 1% salt batters, similar properties of more clear and intact appearance were observed in HB-1 4 CFAC batters than CB batters, showing structure-collapsing and fluffy-like appearance due to less protein extraction and weak gel-forming ability (Lee et al., 2014a) .
In evaluation of the effects of chilling type, salt level, and mincing time on protein functionality, data were pooled due to absence of interaction among factors.
When meat batters were cooked, both cooking yield and protein functionality (shear stress and strain) were significantly improved in HB-1 4 CFAC fillet gels compared to CB fillet gels and in 2% salt gels than and 1% salt gels, regardless of chopping time (P < 0.05) ( Table 3) . Among the three chopping times (6, 12, and 24 min), higher stress and strain values were found at 6 min than 12 and 24 min in cold batter mincing, whereas only higher strain value was observed at 6 min in traditional mincing.
Previously, higher cooking yield and improved protein functionality (shear stress and strain) were observed in HB cold batter minced gels than in CB traditionally minced gels . Regarding protein extraction and mixing temperature, Gillett et al. (1977) reported that the maximum amount of protein was extracted at 7.2
• C in the temperature range from −3.9 to 23.9
• C when mixing ground-meat in extract solution (7.5% NaCl). Sheard (2002) observed that the amount of salt solubilized protein at 2 M NaCl sharply increased when the chopping temperature decreased from above zero (5.0 to 15.0
• C) to below zero (−3.3 to −7.1 • C), with the best extraction observed at −7.1
• C. In comparison of mixing temperatures and pre-and post-rigor meats, Bard (1965) reported that protein extraction dramatically increased in the range of −5 to 2
• C compared with the temperatures higher than 2 • C, and the amount of protein extraction was greater from pre-rigor meat at 15 min than from postrigor meat at 15 h. These results support our findings that the cold mincing of HB-1 4 CFAC fillets (pre-rigorlike) at near sub-zero temperatures improved protein functionality more than the traditional mincing of postrigor fillets at temperatures higher than 5
• C although the amount of protein extraction was not measured in this study.
CONCLUSIONS
The technique of HB-1 4 CFAC for turkey fillets generated high-quality raw meats and the combination of HB-1 4 CFAC fillets and cold batter mincing improved protein functionality. During cold-batter mincing, the batter temperature remained near-zero for up to 6 min. After 6 min, the batter temperature increased rapidly and reached about 13 and 28
• C at 12 min and 24 min, respectively. In case of traditional batter mincing, the batter temperature sharply increased from the beginning and the trend was maintained during the entire mixing. The superior raw meat quality is expected due to the combination of hot-boning and rapid chilling, and the improved protein functionality after cold-batter mincing is presumed due to the cold-batter mixing at near sub-zero temperatures up to 6 min. Based on these results, subsequent studies will focus on maintaining the mincing of the batter at near sub-zero temperatures for longer than 6 min in freezer room.
